We report on 10 years of hourly atmospheric radon, CO, and SO 2 observations at Gosan Station, Korea. An improved radon detector was installed during this period and performance of the detectors is compared. A technique is developed whereby the distribution of radon concentrations from a fetch region can be used to select air masses that have consistently been in direct contact with land-based emissions, and have been least diluted en route to the measurement site. Hourly radon concentrations are used to demonstrate and characterise contamination of remote-fetch pollution observations by local emissions at this key WMO GAW site, and a seasonally-varying 5-hour diurnal sampling window is proposed for days on which diurnal cycles are evident to minimise these effects. The seasonal variability in mixing depth and "background" pollutant concentrations are characterised. Based on a subset of observations most representative of the important regional fetch areas for this site, and least affected by local emissions, seasonal estimates of CO and SO 2 in air masses originating from South China, North China, Korea and Japan are compared across the decade of observations.
INTRODUCTION
Anthropogenic emissions from urban or industrial regions are integrated by, and mixed within, the atmospheric boundary layer (ABL). In the absence of major removal mechanisms such as synoptic fronts and deep convection (e.g., Williams et al., 2009 Williams et al., , 2011 , the constituents not subject to dry/wet deposition or chemical transformation can remain within the ABL long enough to travel significant distances and into different geo-political regions (Guttikunda et al., 2001; Kim et al., 2007b; Choi et al., 2008; Lin et al., 2008; Song et al., 2008; Begum et al., 2011) . This issue is particularly pertinent in the northeast Asian region, where political boundaries are close and rapid industrialisation, economic growth and increasing energy and transport demands from the large and growing populations have resulted in a disproportionately large fraction of global anthropogenic emissions in recent decades (Perry et al., 1999; Guttikunda et al., 2001; Streets et al., 2003; Lin et al., 2008; Sahu et al., 2009; Hu et al., 2014) .
The best understanding of potential climatic, ecological and health effects associated with anthropogenic emissions is generally achieved with chemical transport models coupled to detailed emission inventories and remote sensing data. To improve the accuracy of model simulations, results are evaluated against ground-based measurements with a view to iterative enhancement of model representations or assimilated inventory data (Huebert et al., 2003) . To minimise the chance of misleading comparisons, it is of critical importance to ensure that the ground-based reference observations are well matched with the model output, especially with respect to the fetch regions of interest.
In order to derive quantitative information about emissions from a fetch region based on downstream ground-based observations, it is necessary to: (i) understand the measurement "footprint", (ii) identify measurement periods most representative of air masses that have been in direct contact with the surface over which they have travelled, and have not been significantly diluted by synoptic fronts or deep convection in transit, (iii) ensure that the groundbased measurements are representative of the whole ABL (e.g., not isolated from remote sources by the nocturnal inversion), (iv) minimise any contamination of observations by local emissions, (v) adequately characterise diurnal and seasonal changes in the ABL mixing depth at the observation site, and (vi) be able to characterise the evolving large-checked four times a year by shutting down flow through and within the detector for 24 hours, and monthly calibrations were performed by injecting radon at 80 cc min -1 from a Pylon source (18.5 ± 4% kBq Radium-226) for 5 hours. The net peak detector count rate was then related to the concentration of radon within the detector, calculated as the ratio between the source radon delivery rate (2.331 Bq min -1 222 Rn) and the sampling flow rate. The coefficient of variability (CoV) for calibrations each year was 4-6%.
In July 2007, the detector was upgraded to a 1500 L model, resulting in an improved lower limit of determination (LLD; from 0.09 to 0.04 Bq m -3 ), increased sensitivity (from 0.223 to 0.295 counts per second/(Bq m -3 )), and an improved calibration stability. The sampling height was also increased from 5 to 10 m a.g.l. Here the LLD is defined to be the concentration for which the counting error reaches 30%. Counting error reduces with increasing concentration such that, at ambient concentrations of 3 Bq m -3 , the error is < 2%. Considered in conjunction with the calibration CoV and manufacturer's quoted source accuracy (± 4%), the measurement uncertainty at 3 Bq m -3 is < 12% (0.36 Bq m -3
).
Pollution and Climatology Observations
Aerosol and trace gas sampling was conducted by the Korean Ministry of Environment from 6 m a.g.l., and meteorological observations were conducted nearby by the Korean Meteorological Administration (see Kim et al., 1998 and Kim et al., 2011 for details) . For the purposes of this study (demonstrating a data selection method) we will focus only on sulphur dioxide (SO 2 ) and carbon monoxide (CO), often used as indicators of anthropogenic activity.
CO primarily derives from incomplete combustion processes. Its residence time (0.1 year, Weinstock, 1969 ) is comparable to radon, enabling transport over large distances. SO 2 , a product of fossil-fuel combustion, is considered to be one of the most individually important precursor compounds for secondary matter in the atmosphere (Guttikunda et al., 2001; Zhang et al., 2004) . Once emitted, SO 2 typically converts to sulphate (SO 4 2-) at a rate of ~1% h -1 (Seinfeld and Pandis, 2006) . CO measurements were made by NDIR absorption (Thermo Environmental Instruments, model 48C, USA), for which the detection limit was 0.04 ppm and a precision was 10%. SO 2 was measured by UV fluorescence (Thermo Environmental Instruments, model 43C-TL, USA) with a detection limit of 0.1 ppb (60 sec avg. time) and a precision of 10% (Sahu et al., 2009) . Both instruments were calibrated quarterly.
While pollution has been monitored at Gosan for over two decades (Kim et al., 1995; Carmichael et al., 1997; Park et al., 2004; Kang et al., 2009; Kim et al., 2014b) , here we consider only the initial decade of overlapping radon and trace gas observations (Jan 2001 -Dec 2010 .
Air mass back trajectories used in this study were calculated using the PC version of HYSPLIT v4.0 (HYbrid Single-Particle Lagrangian Integrated Trajectory; Draxler and Rolph, 2003) , with a starting height of 200 m (see Crawford et al., 2015 for further details). All times reported are local (LST = UTC + 9 h), and the northern hemisphere seasonal convention is used.
RESULTS AND DISCUSSION

Radon Observations
Daily-mean radon concentrations varied from 0.04-7 Bq m -3 (Fig. 1) , and the seasonal cycle was characterised by a winter maximum and late summer minimum (Fig. 2) . Monthly statistics for the composite 10-year period are provided in Table 1 for (i) all hourly data, and (ii) data within the diurnal sampling window (defined below under "Influences of local emissions and diurnal mixing"), to serve as a benchmarking tool for models incapable of adequately resolving local mixing or island effects on diurnal timescales.
Since the July 2007 detector changeover, reported mean annual radon concentrations dropped by ~14% with little change in the amplitude of the seasonal cycle (Fig. 3) . This is attributable to a combination of measurement uncertainty, the change in sampling height, changes in detector characteristics not captured by the calibration process, and refurbishment of the calibration system. While this change in performance is of no consequence to the air mass categorisations performed in this study, data may need to be adjusted accordingly for other applications.
Representativeness of Remote Fetch regions
The seasonality of Gosan's terrestrial fetch has been well documented (Guttikunda et al., 2001; Park et al., 2004; Zahorowski et al., 2005; Kim et al., 2014a) . The maximum terrestrial influence (October through February; Fig. 2 ) occurs under strong, consistent conditions of outflow from the Asian continent with a fetch that includes the Korean Peninsula and North China (Fig. 4(b) ). Minimum terrestrial influence (July and August), on the other hand, usually occurs at the height of the summer monsoon (onshore flow), when fetch is mainly from the western Pacific ( Fig. 4(a) ). However, "oceanic" air masses (nominally, radon < 100 mBq m -3
) can occur anytime from early-May to late-September.
Back-trajectory analyses were used to categorise "terrestrial" fetch regions by composite month in Fig. 5(a) .
In winter, the dominance of Korean and North China air masses is clearly evident, whilst the "transitional" months (March-June, and September; Fig. 2 ) were characterised by mixed fetch conditions. The more gradual spring transition included a larger contribution from South China than the rapid autumn transition, which included more Japanese fetch. The influence of "oceanic" air masses (those that had not made landfall in 5 days prior to reaching Gosan), shown separately in Fig. 5(b) , is clearly dominant in the summer months. The slight increase in radon from July to August (Fig. 2 ) was attributable to a switch from southerly (Jeju Island fetch < 3 km) to southeasterly air masses (Jeju Island fetch 15-30 km), and an increased fetch over Japan and Korea.
Fetch regions are often assigned solely by trajectory analyses based on model output in two (or perhaps three, if altitude is included) spatial dimensions. Such representations of recent fetch history alone may not be sufficient to accurately diagnose the degree of contact an air mass has had with surface-based pollution sources, however. Even when model trajectories can be considered reliable, there is no guarantee that an air mass has been in direct contact with the land surface; for this reason, the use of model trajectories in conjunction with a measured terrestrial tracer such as radon gives more definitive results (e.g., Crawford et al., 2009 ). Radon's physical characteristics ensure that an air mass' radon concentration will be closely linked to terrestrial influence over the past 2-3 weeks. For a given fetch (assuming a uniform radon flux), the higher an air mass' radon concentration, the longer it has spent in contact with surface sources, or the less dilution it has been subjected to en route to Gosan. Therefore, the more likely observations are to be representative of surface-based emissions over that fetch. Here, "dilution" is understood to be a result of either (i) tropospheric injection, during fronts or other severe weather events, or (ii) deep convection, which can vent anthropogenic pollutants to the troposphere (e.g., Williams et al., 2009 Williams et al., , 2011 . With the above in mind, pollution fetch analyses for this study were performed in two steps. Firstly, northeast Asia was coarsely divided into four regions (South China, North China, Korea and Japan; Fig. 4 (a)) in a similar manner to Park et al. (2004) . Fetch regions were then assigned according to an air mass' mean location during its most recent 24 hours over land prior to reaching Gosan. Secondly, to produce observations most representative of emissions from each fetch region, we (i) selected only observations within the 5-hour diurnal sampling window (defined in the next section) to exclude local influences and mixing effects, (ii) calculated composite monthly radon distributions for each fetch, and (iii) selected only the high radon events, by excluding air masses with radon below the monthly median for each fetch. This third step assumes that low radon events are poorly representative of surface-based sources due to dilution or limited interaction with the corresponding ABL. It also assumes a uniform radon flux within each region, whilst allowing for the possibility of variability in flux between regions.
Influences of Local Emissions and Diurnal Mixing
Although sparsely populated, under certain conditions local emissions from Jeju Island can contaminate Gosan pollution observations (e.g., Kim et al., 1998) . To ensure measurements are as representative as possible of remote fetch regions, it is important to determine: (a) whether contamination by local emissions is significant, (b) the conditions under which local influences actually become problematic, and (c) a suitable sampling strategy to minimise these influences.
Near-surface observations are contributed to by both large-and local-scale emissions. The maximum large-scale contributions occur during the day, when the ABL is well mixed, whereas the maximum local-scale contribution occurs at night, when the nocturnal inversion can completely isolate the near-surface air from the deeper layer above and therefore also from the larger-scale signal (e.g., Chambers et al., 2015b) . The chemical compositions of the nocturnal boundary layer (NBL) and residual layer above evolve largely independently until sunrise, when convective mixing reconnects them.
At Gosan, seasonal mean radon (e.g., straight dashed lines in Fig. 6 ) indicates the potential for influence from large-scale terrestrial-based sources, whereas diurnally, radon concentrations respond to the changing local mixing depth. Fig. 6 therefore demonstrates a decreasing potential for large-scale pollution contributions from winter to summer, and corresponding increase in the potential for contamination of observations by local-scale emissions as diurnal mixing depth changes become more pronounced. However, even in summer the diurnal amplitude of radon at Gosan (~1.2 Bq m -3
) is more than an order of magnitude less than observed at a flat, inland site (e.g., Chambers et al., 2015b) , demonstrating the stabilising oceanic influence on Gosan mixing depths year round.
Of particular interest in Fig. 6 is the build-up of radon before dawn in all seasons. Assuming a negligible oceanic radon flux (Zahorowski et al., 2013) , this demonstrates a local-scale contribution to Gosan observations, since mean nocturnal winds are too small to bring radon from neighbouring source regions (China, Korea or Japan) over the course of a single night. To investigate the possibility of similar local influences on pollution observations we analysed diurnal cycles of CO and SO 2 (Fig. 7) .
The CO diurnal cycle was also characterised by a morning maximum, afternoon minimum, and nocturnal build-up phase. In summer, once the NBL was well established (around 2100 h) there was a gradual accumulation of CO (~0.0013 ppm h -1 ) until sunrise. In winter, however, when combustion heaters are commonly used, the nocturnal CO accumulation was more variable, with peaks between 2000-2200 h and 0600-0700 h ( Fig. 7(e) ). These results confirm local emissions can influence near-surface Gosan CO observations when the atmosphere is poorly mixed, and that the magnitude of this influence changes seasonally. The SO 2 diurnal cycle was out of phase with CO and radon, characterised by maximum values around noon and minimum values at night. The lack of nocturnal SO 2 accumulation likely indicates a lack of substantial local SO 2 sources (c.f. remote source magnitudes; e.g., Kim et al., 1998; Park et al., 2004; Sahu et al., 2009) . In summer, residual SO 2 trapped in the NBL when it formed slowly reacts or deposits, causing a gradual decline in concentrations between sunset and sunrise ( Fig. 7(c) ). The rate of this decline (0.0167 ppm h -1 , or 1.3% h -1 relative to the afternoon average) is similar to the 1% h -1 conversion rate proposed by Seinfeld and Pandis, (2006) . In winter, however, the nocturnal SO 2 behaviour was more variable; primarily due to local combustion emissions, as evident by the correspondence with CO peaks (blue arrows at 2100 h and 0700 h in Fig. 7 ).
While daily mean observations could be used to assess the impact/exposure of Gosan residents or ecosystems to the combined effects of remote and locally-produced pollutants, Fig. 7 shows that, on days when a diurnal cycle exists, Gosan daily means may not be representative of regional-scale outflow pollution characteristics. To better characterise the anthropogenic signature from distant sources in such cases it is necessary to employ a diurnal sampling window restricted to the period when observations are most representative of the whole ABL (see also Zahorowski et al., 2005 and Zhu et al., 2012) .
For CO, observations between 1300-1700 h (1100-1600 h) in summer (winter) were most representative of remote sources. Compared to averages over these windows, local sources enhanced nocturnal CO concentrations by 6.6% in winter and 18.8% in summer (the seasonality in the apparent local influences here reflects more the seasonality in nocturnal mixing depth than that of local sources). Thus, a daily-mean CO would, on average, overestimate remote source contributions by 4.2% in winter and 10.5% in summer. For SO 2 the 1000-1800 h (1000-1500 h) summer (winter) 
Summer window was most representative of remote emissions. Using daily-means of SO 2 values would, on average, underestimate emissions from remote sources by 7.3% in winter and 5.9% in summer. Aerosol samples at Gosan (and many similar sites) have been integrated over 24-hour periods (e.g., Park et al., 2004; Crawford et al., 2007; . Hourly Gosan PM 10 observations (not shown) indicated that daily mean values may underestimate total mass by ~3% by including the nocturnal period dominated by local sources; the effect may be more significant for finer aerosol fractions. Perhaps more importantly, the elemental composition of aerosols collected when observations are most representative of remote sources could be quite different than that for 24-hour samples that include a substantial local-source component. Reducing aerosol integration times to four 6-hour periods daily would enable this problem to be minimised.
Based on a combination of the findings above we propose a seasonally-varying 5-hour diurnal sampling window for Gosan observations to best represent remote emissions: 1100-1500 h LST (inclusive) for Asian outflow conditions (winter monsoon), and 1300-1700 h LST (inclusive) otherwise, when Gosan fetch incorporates more of Jeju Island.
To scale-up results derived using this windowing technique it would be necessary to assume no diurnal variability in remote emissions. We acknowledge the possibility of diurnal variability in remote emissions that this technique will not capture. However, individual sources within the remote regions are spatially dispersed (spread over 10s to 100s of km), and their combined emissions would further disperse over their 100-600 km (1-3 day) journey to Gosan. So any of the original diurnal variability of the individual source strengths that remained in the Gosan ABL at the time of measurement would likely be much less than that caused by local mixing effects.
A further advantage of reporting statistics of groundbased observations for periods when the ABL is welldeveloped is they are better suited to model evaluation, since model spatial or vertical resolution may be insufficient to resolve the stable NBL or local island effects.
Seasonality of the Gosan ABL Depth
There are two pathways by which atmospheric pollutants leave continental Asia: at high altitude (in the troposphere) following uplift by cold fronts or deep convection, or near the surface, within the ABL (e.g., Kritz, 1990; Balkanski et al., 1992; Crawford et al., 1997) . While natural aerosols have been observed at a wide range of altitudes (extending to almost the tropopause; Huebert et al., 2003 and references therein), when not influenced by deep-convection, anthropogenic pollutants are predominantly contained within the ABL (e.g., Huebert et al., 2003; Reid et al., 2013) . Thus, if the mixing depth is known at the measurement point, column-integrated pollution estimates can be made and related to regional emissions (Williams et al. 2009 ).
For pollutants in a well-mixed ABL, near-surface concentrations vary strongly as a function of mixing depth (see also previous section). At Gosan there are pronounced seasonal changes in average mixing depth tied to the behaviour of the marine boundary layer (MBL) surrounding Jeju. Seasonal MBL variability is driven primarily by the difference in temperature between the ocean surface and overlying air masses (greatest in winter, least in summer).
The mixing depth at Gosan has been reported to vary between 500 to 1500 m under Asian outflow conditions (Talbert et al., 1997; Kim et al., 2005; Kim et al., 2012; Reid et al., 2013) . In lieu of observations we used planetary boundary layer (PBL) depths taken from the NCEP Climate Forecast System Reanalysis (Saha et al., 2010a, b) Fig. 8(a) ) indicated that from October through March (predominantly outflow conditions) the mixing depth varied from 400 to almost 2000 m, with median values ranging from 800 to 1200 m. May is at the end of the spring "outflow" period. It is also a time of frequent atmospheric nearstagnation events (e.g., Kim et al., 2012) , and has low mixing depths compared to other outflow months. The combination of these factors can lead to high pollution episodes late in the outflow season. When interpreting emissions estimates made in subsequent sections, it is important to note that: (i) meanmonthly mixing depths were relatively consistent across the decade (typically varying by < 10%; Fig. 8(b) ), and (ii) that, on average, there is a factor-of-four seasonal change in mixing depth at Gosan, which will be directly reflected in near-surface trace-gas concentrations.
Characterising "Background" Pollution Concentrations
To assess the efficacy of emission mitigation strategies, it is necessary to characterise temporal changes in local or regional net pollutant concentrations relative to the evolving large-scale (global or hemispheric) background signal. Background pollutant concentrations are unrelated to regional emissions, but may have seasonal or interannual variations.
Radon is an unambiguous indicator of the degree of terrestrial influence on an air mass over the past 2-3 weeks. Since the majority of anthropogenic pollution sources are of terrestrial origin, there is typically a close correspondence between radon concentration and atmospheric pollutants, or other natural trace species with terrestrial origins (e.g., Chambers et al., 2016) . Consequently, the most reliable estimates of background pollution levels are usually derived from air masses that have had the least recent land contact.
Figs. 9 and 10 demonstrate terrestrial influence on pollutants, using radon as a proxy. Only observations within the diurnal sampling window were used. "Outliers" (top and bottom 10%) of pollution concentrations within each 100 mBq m -3 radon "bin" were excluded prior to calculating statistics (µ, σ). Separate curves are shown for the beginning and end of the decade of observations as an indication of temporal change. Individual means and standard deviations were typically based on 10-90 hourly samples.
Although pollutant levels clearly decrease with decreasing terrestrial influence (radon), variability (σ) remained high for all radon bins. Since urban/industrial areas are often situated near the coast in SE Asia, it is possible for air masses to have only a brief "glancing" interaction with land (i.e., have a low radon concentration) and still accumulate significant levels of pollution before travelling to Gosan Station. Shipping activities in SE Asia are also a significant source of pollution (Guttikunda et al., 2001) . Conversely, an air mass may pass over sparsely populated regions of Siberia, Mongolia and North China (i.e., have a high radon value), and still arrive at Gosan station relatively unpolluted. Air masses with low terrestrial influence (i.e., radon < 500 mBq m -3 ) were observed in all seasons except winter. Taking the µ -1σ pollution concentrations at low radon values to be representative of background air, in 2001-2004 background CO varied from 0.1 ppm in summer to ~0.2 ppm in the other seasons. In 2007-2010 the nonsummer background CO concentration had increased slightly to ~0.25 ppm. For SO 2 , on the other hand, background concentrations appeared to be near, or below, the 0.5 ppb detection limit across the decade for all seasons. Bin-mean SO 2 concentrations for the least terrestrially influenced air masses were very similar to the 1 ppb ambient concentrations for Gosan reported by Kim et al. (1998) . The observed 0.05 ppm increase in non-summer background CO will be accounted for when emissions estimates are later compared across the decade. However, since background SO 2 concentrations remained near the instruments detection limit, no adjustment of the observed concentrations will be made.
It is of interest to note that the "cleanest" air masses were usually observed in the transition seasons. At these times the land-sea temperature gradient is weaker and air masses occasionally approach Gosan by looping up from the south, clockwise, and may have had no land contact for weeks.
Relating Observed Variability to Regional Emissions
Mean monthly CO and SO 2 values, based on observations in the diurnal sampling window (Figs. 11(a) and 11(c) ), show both increasing trends over the decade and substantial inter-annual variability in the amplitude of the seasonal signal. This variability is unrelated to the small changes in "background" signal, discussed previously.
Annual mean CO was relatively constant from 2001-2004 (0.37 ± σ 0.009 ppm), but increased by > 30% in [2005] [2006] [2007] [2008] [2009] (0.49 ± σ 0.05 ppm) and jumped to 0.69 ppm for 2010. While this increasing trend is in agreement with Gosan CO observations reported by Kim and Shon, (2011) , it is in stark contrast to their findings for seven major cities on the Based on the whole decade, the composite seasonal cycles of CO and SO 2 (Figs. 11(b) and 11(d)) were generally characterised by higher values during continental Asian outflow conditions (Oct-Apr) and lower values between May and September. As well as the increased terrestrial influence (potential for pollution) in winter under outflow conditions, Streets et al. (2003) show that this is the time of peak fossil fuel combustion for power and heating.
The amplitudes of the seasonal signals (especially SO 2 ) have been changing markedly over the decade (Fig. 11) . Variability as a result of (i) relative changes in terrestrial fetch regions, and (ii) time throughout the decade of observations, is discussed in the following sections.
Radon Variability
Considerable inter-annual variability (60% and 4% in annual minimum and maximum values, respectively) was evident in the long-term radon record (Fig. 3(a) ). Due to the limited opportunity for pure oceanic fetch in summer (see Fig. 4 ), slight changes in regional flow patterns can result in large changes in radon. Factors contributing to changes in radon under outflow conditions include: (a) changing snow cover or soil moisture across continental Asia; (b) mean air mass fetch latitude (due to the Asian latitudinal flux gradient: Conen and Robertson, 2002; Zhuo et al., 2008; Williams et al., 2009) ; or (c) connectivity to surface sources (proportion of time an air mass has spent within the ABL). Since only monthly means are considered here, short-term influences on the radon flux (e.g., wind, pressure, and insolation) would likely be averaged out.
Changes in fetch and transport mechanisms that contribute to the natural inter-annual variability of radon shown in Fig. 3(a) may also be reflected, in part, in the pollutant observations. To minimise these effects on our estimates of pollution trends over the decade, we present subsequent results in three overlapping 4-year composite periods: Jan 2001 -Dec 2004 Jan 2004 -Dec 2007 and Jan 2007-Dec 2010 , henceforth referred to as the "early", "middle" and "late" periods, respectively. Fig. 12 shows how the highest (> 90 th percentile) pollution events recorded at Gosan changed over the decade. While more extreme in the case of SO 2 , the seasonal cycle for both gases was characterised by winter maximum values (under Asian outflow conditions) and summer minimum values (during "onshore" regional flow). However, to fully appreciate the magnitude of this seasonal contrast it is necessary to consider the relative factor-of-four dilution of observed winter air masses (Fig. 8(b) ).
Temporal Changes in "Extreme" Pollution Events
Seasonal average "extreme" CO values (Fig. 12(b) ) indicated a monotonic increase across the decade (~0.3 ppm from early to late in the decade cf. the 0.05 ppm change in background CO). The monthly data, however, indicate particularly large recent increases in March-April, during the spring outflow period, and July-throughSeptember. Apart from an increased fetch over Jeju in JulSep, Fig. 5 indicates increased contributions from South China (July) and Japan (Aug-Sep).
For SO 2 a seasonal increase in "extreme" events across the decade was noted in spring and summer (Fig. 12(d) ), when fetch was contributed to most significantly by South China (Fig. 5) . Song et al. (2012) indicate a dense region of SO 2 emission toward the northern end of our "South China" fetch region, which has developed during the measurement period compared to the emissions map of Guttikunda et al. (2001) . A range of technological improvements and abatement initiatives (including: flue gas desulfurization, improved coal quality, and strengthened emissions standards for power plants, cement plants and vehicles) were implemented across China between (Lu et al., 2010 . However, Hu et al. (2014) claim that Chinese economic growth has outstripped emissions mitigations measures implemented between 2000 and 2011. For autumn and winter, however, when fetch contributions are more from North China and Korea, a slight reduction in SO 2 extreme events is evident in recent years. Since the seasonal CO extremes increased across the decade in winter and spring, contrary to the findings of Kim and Shon (2011) for mainland Korea, emissions from North China likely dominate observed concentrations at Gosan during these times; this is likely due to trajectories passing through North China fetch regions prior to crossing Korea. The slight reduction in SO 2 extremes over these seasons may then indicate that SO 2 emissions mitigation strategies midway through the decade (e.g., Lu et al., 2010) were more effective for the lower-density industrial activity within the North China region. SO 2 observations at the nearby Anmyeon baseline station also indicate a reduction in concentrations between compared to 2006 values (KMA, 2015 p.44) .
Temporal Changes by Fetch Region Contributions
Figs. 13 and 14 show changes in mean-monthly pollutants from each of the terrestrial fetch regions (South China, North China, Korea and Japan) over the decade. Fig. 13 is based on all hourly observations, whereas Fig. 14 is based only on observations within the diurnal sampling window that also correspond to the upper 50% of radon concentrations from that fetch (i.e., observations considered most representative of the respective fetch regions). To facilitate intercomparison of the traditional and new sampling techniques, seasonal summaries are presented in Figs. 15 and 16. For CO, the combination of techniques employed here to improve the representativeness of remote fetch regions mostly indicates that emissions from South China were higher than predicted based on averages of all hourly observations. By contrast, predicted emissions from the other fetch regions change very little, or are even less, than would be predicted using all hourly data.
For SO 2 , our method again usually resulted in higher values from South China than would otherwise be predicted using all hourly observations, and that pollution from Japanese fetch regions (whose corresponding air masses frequently pass over Jeju Island) would be similar, or slightly reduced. For Korean fetch in winter, however, our method predicts a slight increase in emissions compared to that based on all hourly data.
The above results indicate that unless local influences are minimised, and representative air masses sought, pollution estimates at Gosan from Japanese fetch would be overestimated. More importantly, perhaps, Figs. 14(d)-14(f) clearly demonstrate that the increase in amplitude of the SO 2 seasonal cycle evident in Fig. 11(c) is primarily attributable to a large SO 2 increase in winter "outflow" events from South China. Since there is no significant change in the winter-mean mean mixing depth across the decade (Fig. 8(b) ), this increase (e.g. Fig. 16(b) ) is completely attributable to a change in regional emissions.
Accounting for various loss mechanisms, it is estimated that approximately one third of the SO 2 produced in China actually leaves the borders (e.g., Guttikunda et al., 2001) . Assuming a 1% h -1 conversion rate to sulphate (Seinfeld and Pandis, 2006; and this study) , and based on the 10 th / 90 th percentile daytime wind speed at Gosan between October to April, a further 10-40% of this sulphur wouldbe lost en route. Sahu et al. (2009) estimated the SO 2 transport efficiency from China to Gosan in spring to be 40%. Consequently, column-integrated SO 2 estimates at Gosan may represent as little as 10-15% of the actual emissions from targeted fetch regions in China.
It is generally acknowledged that not all information regarding sources is consistent or reliable Akimoto et al., 2006) , and that not all emission sources are captured, or easy to accurately characterise (e.g., contributions from soils, agriculture, mobile sources, etc.). It will be a goal of future studies to combine the techniques described in this study with information regarding the seasonal variability in mixing depth at Gosan to better quantify the magnitude of regional emissions from the respective fetch regions.
CONCLUSIONS
We report on hourly atmospheric radon, CO, SO 2 and climatological observations made at the WMO GAW site Gosan Station, South Korea, over the period 2001-2010. Fig. 14. Monthly-mean CO and SO 2 for each fetch region across the decade, based on measurements within the diurnal sampling window and corresponding to the upper 50% of radon concentrations (air masses most "well connected" to surface sources). Dotted lines indicate increasing background CO.
In July 2007 the original 750 L radon detector was replaced by an improved 1500 L model, coinciding with a 14% reduction in the mean annual concentrations but little change in the amplitude of the seasonal cycle. The performance of the two detectors is compared.
Since radon is an unambiguous indicator of terrestrial influence, and the majority of anthropogenic pollution sources are of terrestrial origin, we selected for analysis only those air masses corresponding to radon concentrations in the upper 50 th percentile based on monthly distributions for each of four fetch regions: South China, North China, Korea and Japan. This approach ensures that sampled air masses have maintained consistent contact with the targeted fetch regions, and have not been substantially diluted by various atmospheric processes en route to the measurement site. Pollutant concentrations were also scrutinised as a function of terrestrial influence (using radon as a proxy) in order to characterise seasonal and longer-term variability in "background" pollutant concentrations.
Hourly radon concentrations were used to demonstrate the potential for contamination of remote-fetch pollution observations by local emissions at Gosan, and a seasonallyvarying 5-hour diurnal sampling window is proposed for days on which diurnal cycles are evident in observations to avoid this issue.
Based on a subset of Gosan observations demonstrated to be most representative of remote fetch regions, seasonal estimates of CO and SO 2 in air masses originating from South China, North China, Korea and Japan are provided, and compared across the decade of observations. On average, across the whole measurement period, pollutant concentrations were highest in air masses originating from South China, and lowest in air masses whose dominant terrestrial influence was Japan. Compared to the selection techniques described here, traditional analysis methods underestimated pollution levels originating from emissions in north and south China, and overestimated levels from Japan. Generally, our selection technique was demonstrated to more accurately reflect known changes in SO 2 emissions from China over the decade of observations than results based on an analysis of all available hourly data. SO 2 concentrations during wintertime continental "outflow" events were observed to increase markedly over the decade of measurements at Gosan. Through a Late Mid Early combination of our refined data selection technique, and analysis of MBL depth seasonality across the decade, we were able to attribute the bulk of this effect to an increase in emissions from South China. Employing these improved observations to improve regional emissions estimates will be the topic of a follow-up study. Fig. 15 . Seasonal mean CO across the decade, by fetch region, based on (a, c, e, g) all hourly data, and (b, d, f, h) sampling method proposed in this study. Ordinate scale set to "early" CO background (an additional 0.025 or 0.05 ppm needs to be removed from the "mid" and "late" results). 
